Abstract: Short tandem repeat (STR) markers are used worldwide for forensic and paternity identification purposes. It has been proven that a commercial STR kit joined with supplemental STR loci will strengthen the power of resolving complex paternity cases. In the past years, we encountered two rare and difficult family relationship cases; CODIS-based commercial kits were initially used, but failed. We thus employed additional non-CODIS loci and finally resolved the cases. A total of 40 STRs, 13 CODIS and 27 non-CODIS, were profiled using an ABI 3130 Genetic Analyzer. In the two cases, the exclusionary events and percentage obtained from the non-CODIS markers were 9 (33%, out of 27 in case 1) and 18 (also 33%, out of 54 in case 2). Statistical results revealed that the non-CODIS STRs were significantly informative than the CODIS in identifying problematic kinship cases, and that the high case-resolving capability of the non-CODIS was irrelevant to repeat motif composition of STRs. Four index measures, heterozygosity rate, power of exclusion, power of discrimination, and polymorphism information content, were evaluated for the usefulness of both categories, also implying that the non-CODIS seemed to be more available than the CODIS. Our findings are in concordance with a previous research that the 13 core CODIS STRs are not sufficient to definitively differentiate between pairs of close relatives and may lead to false inclusions. The result, an indispensable system of the non-CODIS, could provide a reference for resolving similar complex relationship cases.
O
wing to many unique advantages of STRs [1] , the markers are used worldwide on forensic purposes and paternity testing. In the United States, the forensic science community has standardized on thirteen STRs for entry into a national database known as Combined DNA Index System (CODIS), an FBI-sponsored initiative system. The CODIS loci are CSF1PO, FGA, TH01, TPOX, VWA, D3S1358, D5S818, D7S820, D8S1179, D13S317, D16S539, D18S51 and D21S11. Nowadays, these loci are internationally recognized as the core markers for human identification. Currently, there are various commercial multiplex-STR kits including the consensus set of CODIS 13 STR markers, for example, the AmpFlSTR®Identifiler and PowerPlex®16. They are usually adequate for resolving most criminal cases. However, when difficult family relationship cases are confronted with, supplemental markers would be required [2, 3] . Consequently, many kits have been launched with additional non-CODIS loci for an extensive and powerful STR testing battery, e.g., the Investigator ®HDplex and GenePhile G-Plex.
Because of the effects of paternal mutations, a minimum of two exclusions of independent loci would generally be required for a regular paternity testing to reach a conclusion that an alleged father is not the real father of a disputed child. Since a wrong paternity exclusion case with two mismatches was reported [4] , in which the putative father is indeed the biological father. Accordingly, three or more exclusionary events for indication of non-paternity have been suggested for the difficult paternity case with close male relatives [5, 6] .
We present two infrequent and difficult kinship identification cases, which were isolated from thousands of criminal cases. A total of 40 STR markers from four commercial STR systems were analyzed. The CODISbased STRs cannot resolve them until supplemental non-CODIS STRs were used, implicating the inadequate informative nature of the CODIS.
MATERIALS AND METHODS
Genomic DNA was extracted from the subjects' oral cotton swabs and two embryo tissues using the QIAamp DNA mini kit (Qiagen, Hilden, Germany). Four commercial STR kits used for typing were AmpFlSTR® IdentifilerTM (Applied Biosystems, Foster City, USA), Investigator ®HDplex (Qiagen, GmbH, Hilden, Germany), GenePhile G-Plex (GenePhile Bioscience, Taipei, Taiwan), and Powerplex® 21 (Promega Corporation, Madison, USA). The STR profiles were identified with an Applied Biosystems 3130 XL Genetic Analyzer. Four index values, heterozygosity rate, power of exclusion, polymorphism information content, and power of discrimination, were measured to evaluate the availability of both CODIS and non-CODIS STR markers. The arithmetic mean of the four index measures were calculated based on published [7] [8] [9] [10] and an inhouse population database. Statistical analysis was performed using the Fisher's exact test and the Pearson's Chi-square test. A difference with a p-value of 0.05 or less was considered statistically significant.
RESULTS AND DISCUSSION
It is known that the closer the blood relationship between folks, the more STR alleles they would share [11] . Therefore, disputed paternity testing with consanguinity would be more difficult than those without. Table 1 presents the complete STR profiles of individuals in the two challenging cases, successfully resolved only by non-CODIS STRs, with the exclusionary loci number of 9 (case 1) and 18 (case 2). In case 1, a girlfriend of a young man (alleged father 1, AF1) was raped by his father (alleged father 2, AF2), resulting in a forced abortion. Among the 40 STR tested, the CODIS STRs (No. 1 to 13, Table 1 ) did not reveal any information for paternity exclusion, and contrarily, 9 STRs from the 27 non-CODIS (No. 14 to 40, Table 1 ), i.e., 33% of the markers, excluded AF2 as the biological father of the aborted baby.
Case 2 concerned three closely related alleged fathers (brothers in a kinship family). The mother of the placenta is severely retarded. Two non-matched CODIS STRs were found at TPOX and D13S317 loci, seemingly ruling out AF2 and AF3, respectively, as the real father. However, previous researchers [4] [5] [6] 12] suggest that exclusion of paternity should be based on exclusionary events at two or more loci, meaning that the single CODIS STR, TPOX (AF2) and D13S317 (AF3), would be insufficient for a judgment. Comparatively, from the non-CODIS STRs, 7 (AF2) and 11 (AF3) exclusionary loci were identified. As a consequence, AF1 admitted his guilt. In case 2, interestingly, the percentage of exclusionary loci number from the non-CODIS was identical to that in case 1, i.e., 33.3% (18 out of 54 in total). As far as we know, this is the first report comparing the case-resolving effectiveness of the CODIS versus non-CODIS STR markers. Table 2 shows the comparison on forensic features of the CODIS and non-CODIS markers. The case-resolving potential between the two categories was statistically different with a p-value of 0.019 (case 1) and 0.014 (case 2), indicating that the non-CODIS might be of more discriminatory power than the CODIS-based markers in complex and related kinship identification. In addition, four index values of the non-CODIS were moderately higher than those of the CODIS markers (Table 2) , also implicating that the forensic usefulness of the non-CODIS markers seemed to be better than that of the CODIS. Presumably, the 13 CODIS STRs may have a high DNA discriminative power in American and even in Caucasoids [13] , but not necessarily be so in Asian countries. [13] . I, simple repeats consisting of one repeating sequence; II, simple repeats with non-consensus alleles; III, compound repeats with non-consensus alleles; IV, complex repeats Table 2 . Feature comparison of the CODIS and non-CODIS STRs on the mean values of four forensic parameters and on the repeat motif structure. Population samples used for calculation were from the Chinese and Taiwanese Brinkmann [14] and Urquhart [15] have demonstrated that mutation rate and variation in STR sequences would have an impact on paternity testing and forensic DNA identification use, respectively. However, theoretically, the tandem repeats composition of STRs does not relate to success rate of forensic casework. Indeed, there was no significant correlation between the case-resolving capability and motif structure of the 40 STRs used (a p value of 0.35, Table 2 ).
Reid et al. [16] conquered five complex kinship cases by using the Identifiler TM multi-locus system in conjunction with supplemental STR loci to obtain a more conclusive result. Others [17] [18] [19] [20] have shown that the 13 core STR loci are inadequate to identify the difficult cases with close relatives and could lead to false inclusions. We hereby suggest that the non-CODIS category would be a better choice for resolving such cases.
CONCLUSION
In practice, two rarely difficult cases were actually determined only by the non-CODIS STRs, but not by the CODIS. The statistical result and four index measures also revealed that the non-CODIS could be more effective than the CODIS. These findings lead to a conclusion that non-CODIS STRs are essential and should be used in resolving complex family relationship cases.
